The neural basis of pattern recognition is a central problem in visual neuroscience. Responses of single cells were recorded in area V4 of macaque monkey to three classes of periodic stimuli that are based on spatial derivative operators: polar (concentric and radial), hyperbolic, and conventional sinusoidal (Cartesian) gratings. Of 118 cells tested, 16 percent responded significantly more to polar or hyperbolic (non-Cartesian) gratings than to Cartesian gratings and only 8 percent showed a significant preference for Cartesian gratings. Among cells selective for non-Cartesian gratings, those that preferred concentric gratings were most common. Cells selective for non-Cartesian gratings may constitute an important intermediate stage in pattern recognition and the representation of surface shape.
Neurons in the primary visual cortex (area V1) typically display tuning for elementary stimulus dimensions such as position, orientation, and spatial frequency (1) . In the macaque monkey, subsequent stages of form processing are believed to take place in a hierarchy of extrastriate areas that includes areas V2, V4, and the inferotemporal cortex (IT) (2, 3) . Although complex pattern recognition probably occurs in area IT and some IT cells are selective for faces, hands, or other highly complex stimuli (4, 5) (6) (7) (8) . The stimulus classes are also related to those used to identify cells in the medial superior temporal area that are selective for changes in rotation and in expansion and contraction (9) : when integrated over time, rotating flow fields form concentric patterns, and expanding and contracting flow fields form radial patterns. Similar stimuli have been used in psychophysical studies (10) and have provided some support for mechanisms selective for polar or hyperbolic stimuli.
We first looked for cells in area V4 that respond more strongly to polar or hyperbolic gratings than to any Cartesian grating. We recorded extracellularly from single units in area V4 of anesthetized, paralyzed macaque monkeys (11, 12) . In our primary test, we used polar and hyperbolic gratings that varied in spatial frequency and phase and Cartesian gratings that varied in orientation, spatial frequency, and phase (Fig.  1A) . Figure 1 
In.~.'4"** -,. Fig. 2A) . The results in Fig. 2 , B and C, represent the same cells as do the results in Fig. 1 Fig. 3 , B and C, are for the same cells represented in Fig. 1 Fig. 1A) . The same six Cartesian grating orientations were selected as in the previous test, but the length of the gratings was varied along the axis parallel to the grating orientation. Cartesian and non-Cartesian gratings were interleaved. The spatial frequency used for each cell was the most effective of those tested in the series illustrated in Fig. 1. (B) Responses of the same concentric cell whose responses are shown in Fig. 1 preferences across all positions where these cells were driven strongly. Another cell preferred hyperbolic patterns at one position and radial patterns at another. The remaining three cells responded equally to the best non-Cartesian grating and to a Cartesian grating at an offset position. In no case did a cell respond significantly better to a Cartesian grating at an offset position than to the best non-Cartesian grating. Thus, it appears that preferences for non-Cartesian patterns are not, in general, due to nonclassical surround interactions.
Many of these cells displayed insensitivity to spatial phase as well as to local stimulus position. The stimuli illustrated in Fig. 1A were each presented at two or three spatial phases. The particular cells tested were not phase-dependent, so the data include all phases collapsed together. Significant phase dependence was evident in only 3 Our standard stimulus set included Cartesian gratings generated according to modulation functions that fell along the cardinal axes of the space (horizontal and vertical gratings) as well as four intermediate orientations. In contrast, the non-Cartesian stimuli only included those with modulation functions that fell along the cardinal axes of their respective spaces: concentric and radial gratings (polar class) and orthogonal hyperbolic gratings (hyperbolic class). Given this difference and the conservative criterion that was used to classify cells as non-Cartesian, it is notable that twice as many cells preferred non-Cartesian to Cartesian gratings. We suspected that this bias would be even greater if the nonCartesian stimulus spaces were sampled more densely. Accordingly, we recently added spiral gratings and hyperbolic gratings at additional orientations to our stimulus repertoire. Some cells prefer spiral gratings over other non-Cartesian and Cartesian stimuli, and these cells have smooth tuning functions in the polar stimulus space (Fig. 4, A and B Fig. 1A ). (4), Walsh patterns (17) , Fourier descriptors (18) , and assorted elaborate two-and three-dimensional stimuli (5). Here we report responsiveness to complex, periodic patterns in area V4. Our procedure includes interleaved presentation of several stimulus classes (Cartesian, polar, and hyperbolic) and has controls that allow us to determine whether non-Cartesian response preferences are due to selectivity along some simpler dimension. In addition, our stimuli vary systematically along several dimensions, which allows us to estimate tuning curves for a cell's responses to the various stimulus classes.
The functional role of non-Cartesian cells in vision is not yet clear. We suspect that they may play a role in the perception of solid shape. As noted earlier, the derivation of a stable, canonical representation of objects is likely an important aspect of vision. Several theories based on Lie groups have been proposed to account for this function (6) (7) (8) . These theories postulate the presence in the visual system of a family of continuous differential operators that normalize the visual image by removing the effects of two-dimensional affine transformations. Because the three stimulus classes we have examined are closely related to Lie orbits (the continuous vector fields of Lie operators), our findings are superficially consistent with this idea. However, several features of our data are incompatible with current proposals, including (i) the lack of phase sensitivity, (ii) the distribution and restricted size of local receptive fields, (iii) the unequal proportions of concentric, radial, and hyperbolic cells, and (iv) tuned responses across multiple stimulus classes in a significant subpopulation of cells.
Other proposals for visual object representation use transformational invariants or symmetry groups but do not rely on Lie group theory (19) . Cells selective for nonCartesian stimuli might play a role in such processes by responding to regions of symmetry or high informational content in a visual scene. Another class of theories presupposes that object recognition is based on a rich representation of the surface structure and topology of objects from the observer's point of view. Some theories center on invariants in the visual scene such as relationships between the reflectance map and the underlying three-dimensional surface structure of objects (20) . Non (1, 3, 4 
